The sputter deposited ͑Pt/Co/Pt/Ni͒ multilayer films were studied as possible alternative low Curie temperature multilayers for magneto-optical recording. The Curie temperatures of these multilayers were found to be between 150 and 300°C, which are much lower than those of Co/Pt multilayers or ͑Co,Ni͒/Pt multilayers. The coercivities of these multilayers were between 450 and 800 Oe. The Kerr spectra of these multilayers exhibited enhancement of the Kerr rotation at lower wavelengths. These multilayers were found to show comparable magnetic and magneto-optical properties to Co/Pt multilayers and have an added feature of low Curie temperature making them attractive for magneto-optical storage applications.
kept low, since the backscattered argon atoms that recoiled from the Pt target at lower power were less likely to roughen interfaces due to reduced bombardment energy.
Low angle x-ray diffraction of these multilayers was studied to investigate the integrity of multilayer structure, thickness of the sublayers and total layer, and the details of the interfaces. The Kerr loops at a wavelength of 5320 Å and the spectral dependence of the Kerr rotation were measured using a Kerr spectrometer based on a photoelastic modulator. The Curie temperature was determined by monitoring the Kerr rotation at a wavelength of 300 Å ͑since Kerr rotation was observed to be maximum at this wavelength͒ in the temperature range of 290-600 K. The magnetization was measured using a vibrating sample magnetometer ͑VSM͒.
Low angle x-ray diffraction of all samples revealed peaks typical of the layered structure. Typical low angle x-ray diffraction details of one of the samples, ͑2.3-Å, Pt/ 5-Å, Co/2.3-Å Pt/5-Å Ni͒ 20 is shown in Fig. 1 . The peaks observed at the angles smaller than 2ϭ6°, ascribed to the total film thickness, confirm the smooth film surface. The diffraction peaks observed at 2ϭ6.1°and 2ϭ12.2°corre-spond to the first and second order maxima, respectively, caused by a periodicity of 14.6 Å of the multilayer. We observed that the full width at half-maximum ͑FWHM͒ of the first-order low angle diffraction peak was smaller for multilayers with 2 monolayers ͑ML͒ of platinum than the multilayers with 1 or 3 ML, indicating that the multilayers with 2 ML of platinum exhibit relatively flat interfaces compared with those with 1 or 3 ML of platinum. It is reasonable to expect smooth interfaces if the time of exposure of the growing film to the backscattered argon atoms that recoiled from the Pt target is smaller. However, our observation in the case of multilayers with 1 ML of platinum was contradictory to this expectation. We believe that 1 ML of platinum is not continuous and could be the cause for this observation. Figure 2 illustrates typical polar Kerr loops of ͑Pt/Co/Pt/ Ni͒ multilayers corresponding to ͑4.6-Å Pt/5-Å Co/4.6-Å Pt/ 3-Å Ni) 20 , ͑4.6-Å Pt/5-Å Co/4.6-Å Pt/5-Å Ni) 20 , and ͑4.6-Å Pt/5-Å Co/4.6-Å Pt/7-Å Ni) 20 deposited on glass substrates with 100-Å thick Pt underlayers, measured at a wavelength of 5320 Å and varying applied fields ͑Ϫ5-5 kOe͒. We observed that the underlayer was essential to obtain PMA and a perfect rectangularity of the loop. The improvement of rectangularity of the loop in the case of the multilayer deposited a͒ Electronic mail: scshin@convex.kaist.ac.kr with underlayer could be due to an increase of the magnetocrystalline anisotropy. The coercivities of these multilayers deposited on glass substrates without underlayers were similar to those of Co/Pt multilayers deposited under the same conditions and were found to be between 340 and 650 Oe, the lowest value of 340 Oe was observed for ͑2.3-Å Pt/3-Å Co/2.3-Å Pt/3-Å Ni) 20 while the highest value of 650 Oe was observed for ͑4.6-Å Pt/5-Å Co/4.6-Å Pt/7-Å Ni) 20 . The coercivity and loop squareness were improved significantly when the multilayers were deposited on platinum buffer layers of 100-Å thickness prepared under the same process conditions and their magnitude was between 450 and 800 Oe. We have observed an increase of the coercivity with an increase in the nickel layer thickness from 3 to 5 Å and a slight decreasing trend when the nickel sublayer thickness was further increased to 7 Å ͑for the same cobalt and platinum sublayer thicknesses͒. Similar trends were noticed with increasing the cobalt sublayer thickness ͑for the same platinum and nickel sublayer thicknesses͒. When the thickness of cobalt layer, t Co , was 3 Å, the increase in platinum thickness was found to decrease the coercivity for the same thickness of the nickel sublayer. When t Co was 5 Å, the increase in platinum thickness, t Pt , from 1 ML ͑2.3 Å͒ to 2 ML ͑4.6 Å͒ increased the coercivity, but the further increase of the platinum thickness to 6.9 Å showed a decreased trend. The increase in the coercivity with increasing t Pt is probably due to the improvement in PMA, due to the reduced interlayer coupling between cobalt layers. The decrease in the coercivity for multilayers with t Pt ϭ6.9 Å is explained later. We noticed that increasing the nickel sublayer thickness improves the loop shape for fixed thicknesses of platinum and cobalt.
The coercivity, loop squareness ratio, saturation magnetization, M s , of ͑Pt/Co/Pt/Ni͒ multilayers are summarized in Table I . It can be observed from Table I Table I that T c of these multilayers are between 135 and 330°C, the lowest T c of 135°C was observed for ͑2.3-Å Pt/3-Å Co/2.3-Å Pt/3-Å Ni) 20 and the highest of 330°C for ͑2.3-Å Pt/5-Å Co/2.3-Å Pt/7-Å Ni) 20 . With an increase in t Co or t Ni the net magnetization of the multilayer is expected to increase which should thereby lead to an increase of T c .
The Curie temperatures of Co/Pt multilayers with t Co ϭ4 Å and t Pt ϭ10-20 Å were reported to be in the range of 400-300°C, 15 while those with t Co ϭ4.5 Å and t Pt ϭ10-23 Å are reported to be in the range of 400-200°C. 8 The saturation magnetization of the multilayer, ͑4.5-Å Co/23-Å Pt͒ which exhibited lowest T c of 200°C was reported to be 190 emu/cc, while that of ͑4.5-Å Co/10-Å Pt͒ which exhibited T c of 400°C was 480 emu/cc. Thus, it can be observed that although increasing t Pt decreases T c , it also leads to a dramatic decrease of magnetization, which will thereby reduce Kerr rotation. Therefore, instead of reducing Curie temperature by increasing t Pt , alloying Co with Ni and then layering with Pt had been studied as an alternate approach to reduce T c . Hashimoto 8, 16 reported that the Curie temperatures of such ͑Co,Ni͒/Pt multilayers with t ͑Co,Ni͒ ϭ4 Å and t Pt ϭ7 -11 Å were in the range of 350-230°C. Maarten et al. 17 have reported a saturation magnetization value of 353 emu/cc for ͑3.5-Å Co 60 Ni 40 /8-Å Pt͒ which exhibited a T c of 290°C. It can be observed from Table I that the Curie temperatures of ͑Pt/Co/Pt/Ni͒ multilayers are lower than those of Co/Pt and ͑Co,Ni͒/Pt multilayers and that the saturation magnetization values are comparable to both of them. It should also be noted that magnetization of bulk cobalt is 1422 emu/cc and that of Ni is 484 emu/cc and therefore alloying Co with Ni not only reduces Curie temperature but also leads to a rapid decrease in magnetization. Therefore, in order to maintain sufficient magnetization of the multilayer, the cobalt content in the ͑Co,Ni͒ alloyed layer has to be kept relatively higher than that of Ni. Though Co and Ni have almost similar lattice parameters, it is reported that the magnetostriction constant 100 of fcc Co-Ni alloys at room temperature increases while the magnetostriction constant 111 marginally decreases with increasing Co content. It is also reported that magnetocrystalline anisotropy at room temperature decreases with increasing Co. 18 Therefore, these changes in magnetostriction and magnetocrystalline anisotropy constants will affect the anisotropy of ͑Co,Ni͒/Pt multilayers. In contrast, since the surface anisotropy is the major source of PMA in Co/Pt multilayers, the addition of Ni/Pt multilayers to Co/Pt multilayers is expected to increase the number of interfaces and thereby improve PMA in ͑Pt/Co/ Pt/Ni͒ multilayers.
The trends of the magnetic and magneto-optical properties of ͑Pt/Co/Pt/Ni͒ appear to be combination of the properties of equivalent coupled Co/Pt and Ni/Pt multilayers. The published data on Ni/Pt multilayers indicate that multilayers with t Ni /t Pt Ͻ1/3 have very low Curie temperatures and are paramagnetic at room temperature, while multilayers with t Ni /t Pt у1 are ferromagnetic and T c increases with increasing t Ni /t Pt . 12, 13 Co/Pt multilayers are ferromagnetic in nature over a large range of t Co /t Pt and the Curie temperature increases with increasing t Co /t Pt . Therefore, if one considers ͑Pt/Co/Pt/Ni͒ multilayers as coupled Co/Pt multilayers ͑with high T c ͒ and Ni/Pt multilayers ͑with low T c ͒, the results of the Kerr spectra, magnetization, coercivity, and T c measurements could be easily understood. Figure 3 shows the spectral dependence of the Kerr rotation, k , at an applied field of 5 kOe for typical ͑Pt/Co/Pt/ Ni͒ multilayers of ͑4.6-Å Pt/5-Å Co/46-Å Pt/3-Å Ni) 20 ͑4.6-Å Pt/5-Å Co/4.6-Å Pt/5-Å Ni) 20 , and ͑4.6-Å Pt/5-Å Co/ 4.6-Å Pt/7-Å Ni) 20 deposited on glass substrates, together with the spectral dependence of ͑4-Å Co/9.2-Å Pt) 20 multilayer deposited under the same condition. The Kerr spectrum shows a monotonic increase in the Kerr rotation with decreasing wavelength, as observed in Co/Pt multilayers. The observed increase in the Kerr rotation at shorter wavelengths can be associated with the contribution from magnetically polarized platinum atoms, similar to that observed in Co/Pt multilayers. We observed that the Kerr rotation increases with increasing Ni layer thickness for the same Co and Pt layer thicknesses. This could be due to the increase of total magnetization and thereby the Kerr rotation.
This trend of change in the Kerr rotation with the Ni layer thickness is consistent with trends of T c and M s . As expected, the Kerr rotation was observed to increase with an increase in the Co layer thickness for the same Pt and Ni layer thicknesses.
In conclusion, we have prepared ͑Pt/Co/Pt/Ni͒ multilayers which exhibit enhancement of the Kerr rotation at lower wavelengths, low Curie temperatures in the range of 150-300°C, and the coercivity and rectangularity in the acceptable range making them ideal alternatives for magnetooptical recording materials.
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